Procaine (1-15mM) enhanced the spontaneous contractions
It has been reported that local anesthetics inhibit twitch, potassium contracture and caffeine contracture in skeletal muscle fibres (SHANES, 1958; FEINSTEIN, 1963; SAKAI, 1963; LUTTGAU and OETLIKER, 1968; FEINSTEIN and PAIMRE, 1969) . However, ISAACSON et al.(1970) reported that procaine caused sizable contracture in rat skeletal muscles. According to BIANCHI and BOLTON (1967) , only the charged form of procaine acts as an inhibitor of contraction and the uncharged form causes contracture. FEINSTEIN (1966) and FEINSTEIN and PAIMRE (1969) reported that in smooth muscle procaine inhibited contraction nonspecifically by reducing Ca permeation through the cell membrane and intracellular membrane system. SAKAI and IIZUKA (1972) also observed that the release of bound Ca induced by rapid cooling was inhibited by procaine. In contrast, it has been reported that procaine causes a rise in tone of the taenia coli of the guinea pig, and that it enhances contraction in the urinary bladder smooth muscle of bullfrogs (BURNSTOCK et al., 1966; KURIHARA, 1973) .
In the present experiment, the effect of procaine on the mechanical and electrical activities of the guinea pig urinary bladder smooth muscle was studied using sucrose gap and micro-electrode methods.
Preliminary accounts of some of the results were represented at the 26th International Congress of Physiological Sciences held in New Delhi in 1974 (KURI-HARA and SAKAI, 1974) .
METHODS

AND MATERIALS
Guinea pigs of either sex weighing 250-300g were used in the present experiment. The method for smooth muscle preparation of the bladder was the same that as described by CREED (1971a) . A modified Krebs solution of the following composition was used (mM): Na+, 137.4; K+, 5.9; Mg++, 1.2; Ca++, 2.5; 134.0; HCO3-, 15.5; H2PO4-, 1.2, and glucose 11.5; equilibrated with 97% O2+3% CO2. Isotonic K-Krebs solution was prepared by replacement of NaCl with KCl and NaHCO3 with KHCO3. For a Na-deficient Krebs solution, NaCl was replaced with isotonic sucrose and for a Na-free solution, NaCl and NaHCO3 were omitted, and Tris (hydroxymethyl aminomethane) was substituted for Na ion. The pH of the solution was adjusted to 7.2-7.3 with HCl and checked with a Hitachi-Horiba pH meter type M-5. Procaine-HCl employed in this experiment was a product of E. Merck. Tetrodotoxin (TTX) in crystalline form used to block rapid Na influx (NARAHASHI et al., 1964) was obtained from Sankyo Co., Ltd. When a hypertonic solution was used to reduce the spontaneous tissue movement, the tonicity of the solution was increased twofold by the additon of 10g sucrose to 100ml Krebs solution.
To observe muscular tension and spike activity simultaneously, the single sucrose gap method employed in this experiment was similar to that described by BECK and OSA (1971) . Muscle tension and spike activity were recorded with a pen-writing oscillograph (WI-130M, Nihon Kohden Co., Ltd.). The mechanotransducer was a strain gauge (SB-1T, Nihon Kohden Co., Ltd.).
The membrane potential of the smooth muscle cells was recorded with con-ventional glass capillary electrodes filled with 3M KCl. The maximum rates of rise and fall of the spike were measured on the differential circuit of an operational amplifier. The procedure for measuring relative membrane resistance of the smooth muscle was essentially the same as that used by ABE and TOMITA (1968) .
Student's f-test was used for statistical analysis. Figure 1 shows the effect of procaine on the mechanical response of the urinary bladder smooth muscle. When 1mM procaine was added to normal Krebs solution, spontaneous rhythmic contractions were enhanced ( Fig. 1a ). Thirty minutes after removal of 1mM procaine, 3mM procaine was added and the tone of the preparation increased and large rhythmic contractions were observed In each record, upper trace shows mechanical response and lower trace spike activity obtained with the single sucrose gap method. K-contracture was recorded as a control and the preparation was then immersed in normal Krebs solution for 30min before the application of 1mM procaine (a). Each concentration of procaine was applied for 11min (applied at closed circles and removed at open circles), with an interval of 30min between each application (b, c, d, e, f).
RESULTS
Effect of procaine on mechanical responses
( Fig. 1b ). With 5mM procaine the tone increased even more, and small rhythmic contractions were seen ( Fig. 1c ). With 7mM procaine, the tone showed an initial increase but decreased slightly during the application. The mechanical responses were accompanied by spike discharges. At higher concentrations of procaine (10 and 15mM), the tone increased on the application but this was not maintained (Fig. le, f ). After removal of high concentrations of procaine, the tone showed an increase again and large rhythmic contractions appeared.
Effect of Na ion on procaine effect Figure 2 shows the effect of procaine on urinary bladder smooth muscle in Na-deficient Krebs solution. The effect of 5mM procaine was observed as a control ( Fig. 2a ).
After substituting NaCl in the Krebs solution with sucrose, the tone increased with spike discharges and rhythmic contractions appeared ( Fig. 2b ). Thirty minutes after immersing the preparation in Na-deficient Krebs solution, 5mM procaine was added to the solution. In Na-deficient Krebs solution, the effect of procaine was similar to that in normal Krebs solution but showed some enhancement ( Fig. 2c) .
In Na-free (Tris substituted) Krebs solution, the effect of procaine was also observed as in normal and Na-deficient Krebs solutions. However, the increase in tone induced by procaine was slightly less in Na-free Krebs solution and the contraction pattern was somewhat different from that observed in normal and 5mM procaine was added for 12min to normal Krebs solution. After the preparation had been soaked in normal Krebs solution for 30min, NaCl in Krebs solution was replaced with sucrose (b).(c) 30min later, 5mM procaine was added to the solution for 12min. Effect of procaine on membrane activities Changes in membrane activity induced by procaine were measured by the micro-electrode method. Figure 3 shows the effect of 1mM procaine on the spontaneous spike discharges of the urinary bladder smooth muscle in normal Krebs solution. The membrane potential decreased slightly (-40 to -36mV) and the peak potential increased 3min after application of 1mM procaine (Fig.  3b ). The average spike frequency in normal Krebs solution was 32/min and increased to 65/min in the presence of procaine. After-hyperpolarization of the spike was consistently reduced by procaine, and the mean value of the maximum rate of fall of the spike (4.0V/sec, control) was decreased to 2.6V/sec. Thirty seconds after application of procaine, the mean value of the maximum rate of rise of the spike (3.5V/sec, control) was increased transiently to 5.2V/sec but decreased to 3.3V/sec after 3min. Fourteen minutes after addition of procaine, the spike frequency and peak potential decreased, but depolarization of the membrane remained. The maximum rates of rise and fall of the spike and after-hyperpolarization were further suppressed ( Fig. 3c ). When the preparation was rinsed with normal Krebs solution, the membrane was repolarized and then slightly hyper- Fig. 5 . Changes in membrane potential and peak potential of the spike plotted against time.
Upper three lines show peak potentials and lower three lines membrane potentials.
Mean control values of peak potential and membrane potential in Krebs solution are shown on the ordinate at zero time as white circles. Procaine was added to normal Krebs solution at 0min and removed at 15min. Small white circles, 1mM; closed circles, 5mM; crosses, 10mM procaine. and (d) show progressive reduction of spike amplitude obtained 5 and 10mM after addition of procaine, respectively. 1 (e) and 3min (f) after removal of procaine, spike activity showed partial recovery. Table 1 shows the membrane potential and characteristics of the spike measured in an isotonic Krebs solution and one with twofold hypertonicity. Significant differences were not observed in the membrane potential measured in isotonic and hypertonic Krebs solutions without procaine. Potentials at the peak of the spike, however, were higher in hypertonic Krebs solution and the difference was statistically significant (P<0.001).
This may be explained by the almost complete absence of abortive spikes in hypertonic Krebs solution. But the rate of fall was significantly less (P<0.001). The rate of rise was also reduced (P<0.01). The reason for the low value of the rates of rise and fall of the spike in hypertonic solution is not clear. Except in 15mM procaine, changes of the membrane potential and the rates of rise and fall of the spike induced by various concentrations of procaine in hypertonic Krebs solution were not much different from those obtained in isotonic Krebs solution. On the other hand, with the exception of 15mM procaine, peak potentials of the spike measured in hypertonic Krebs solution containing procaine were increased when compared with those obtained in an isotonic Krebs solution with procaine. From these results, it seems that the effect of procaine on membrane activity is essentially similar in isotonic and hypertonic Krebs solutions.
Effect of procaine on the membrane resistance Based on the assumption that the equilibrium potential of ions, the space constant and internal resistance were not altered much in Krebs solution containing procaine, the relative membrane resistance change was measured with a microelectrode inserted in a cell as near as possible to the stimulating electrode. Figure 8 shows 4 extracts from a continuous record which was obtained in hypertonic Krebs solution. After exposure to 5mM procaine, the membrane potential was decreased and the amplitude of the electrotonic potential was increased ( Fig. 8b ). When depolarizing current was applied, a plateau was observed the membrane potential was shifted by conditioning hyperpolarizing current to the control level existing before application of procaine.
(d) the membrane potential was shifted by conditioning depolarizing current.
following the initial spike, and the maximum rates of rise and fall of the spike were decreased. To confirm whether the increase of electrotonic potential was due to anomalous rectification of the membrane, the membrane potential, displaced by procaine, was restored artificially by conditioning hyperpolarizing current to the control membrane potential level before application of procaine. Even when the membrane potential was shifted to the control level, the increase of electrotonic potential was still observed in Krebs solution containing procaine, though the maximum rate of rise of the spike recovered slightly. The spike amplitude was also increased by the conditioning hyperpolarization (Fig. 8c ). However, conditioning depolarization further increased the amplitude of the electrotonic potential, and the spike amplitude and the maximum rate of rise were reduced. The duration of the spike was markedly prolonged (Fig. 8d) . DISCUSSION It is known that in smooth muscles Ca ions have an important role in spike generation (BRADING et al., 1969b; BULBRING and TOMITA, 1970a, b) . The spike in the guinea pig urinary bladder smooth muscle is also likely to be due to entry of Ca ion (CREED, 1971b) . In crayfish abdominal muscle fibres and amphioxus muscle cells where Ca ion also contribute to the action potential, it has been reported that procaine decreases K conductance and Ca spike is observed (TAKEDA, 1967; HAGIWARA and KIDOKORO, 1971) . Therefore, increased spike activity initiated by procaine may be mainly due to Ca ion entry through the cell membrane of the urinary bladder smooth muscle. The suppression of membrane activity seen with high concentration of procaine is presumably due to depolarization of the membrane, since conditioning hyperpolarization restored spike amplitude and the maximum rate of rise.
Except for 1mM procaine the rate of rise was decreased by the application of procaine and the rate of fall was markedly diminished in all concentrations. According to HOLMAN (1958) and BULBRING and KURIYAMA (1963) , the maximum rates of rise and fall of the spike in taenia coli have low values and are increased in excess Ca solution as a function of Ca concentration. FRANKENHAEUSER and HODGKIN (1957) suggested the important role of Ca at the membrane. In smooth muscles the role of Ca in controlling membrane permeability has been emphasized (BRADING et al., 1969a; TOMITA, 1969, 1970a, b) . Moreover, interaction between procaine and Ca at the membrane site is also reported by WEIDMANN (1955 ), SHANES et al.(1959 , ACEVES and MACHNE (1963), and BLAUSTEIN and GOLDMAN (1966) . Therefore, in the guinea pig urinary bladder smooth muscle, the interaction between procaine and Ca at the membrane should be considered. In crayfish abdominal muscle cells procaine reduces K permeability and prolongs the duration of the action potentials (TAKEDA, 1967) . Also, HAGIWARA et al.(1969) suggested that in barnacle muscle fibres procaine at low concentrations suppressed the early K current. Recently, MAGARIBUCHI et al.(1973) suggested that procaine might reduce K conductance in guinea pig taenia coli. The decreased rate of fall and after-hyperpolarization of the spike and the increased duration of the spike suggest that procaine may suppress the K conductance in the urinary bladder smooth muscle. The depolarization of the membrane produced by the application of procaine was found to be accompanied by an increase in amplitude of the electrotonic potential in hypertonic Krebs solution. This further suggests that procaine may reduce K conductance in this tissue.
Enhanced spontaneous contractions induced by procaine may be caused by depolarization and increased spike activity. But further investigations are necessary to elucidate the effect of procaine on the excitation-contraction coupling in the urinary bladder smooth muscle of the guinea pig.
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